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Materials and Methods
Bats and rabies viruses included in the study. We acquired 372 rabid bats of 23 species from 14 public health laboratories across the USA (Fig. 1B, Table S1 ). Bats were originally collected following human or domesticated animal exposures. Upon receipt at the Rabies Laboratory of the USA Centers for Disease Control and Prevention, brains were confirmed positive for rabies virus antigen by the Direct Fluorescent Antibody test or by reverse transcriptase-polymerase chain reaction (RT-PCR) when infected tissues were limited or degraded.
Phylogenetic species identification of bats. Incorrect species identification of rabid bats could lead to inaccurate estimation of cross-species transmission (CST). To confirm morphological species identities of bats, we undertook phylogenetic species identification of a large subset of all bats (n = 243) including 34/43 individuals infected by CST. Genomic DNA was isolated from bat brain, liver or wing tissue using DNeasy Tissue Kits (Qiagen) following the manufacturer's protocol. A 636 base pair (bp) fragment of the mitochondrial cytochrome oxidase subunit I (COI) gene was amplified by polymerase chain reaction (PCR) using primers and protocols from ref.
(S1) for bat species other than Eptesicus fuscus, with modified primers for E. fuscus. PCR amplicons were purified with ExoSAP-IT ® (USB Corporation) and sequenced on an ABI 3100 capillary sequencer at the University of Tennessee Molecular Biology Resource Facility (Knoxville, TN). Forward and reverse sequences were aligned and edited by eye using Sequencher 4.7 (Gene Codes Corporation, Ann Arbor, MI) and were compared with reference COI sequences from 32 USA bat species using a neighbor-joining algorithm in PAUP* v.4.0b10 with distances calculated according to the GTR+I+Γ model of evolution as selected by Modeltest v.3.7 (S2, S3) . The reference COI database included vouchered museum specimens for all species except Idionycteris phyllotis, Myotis grisescens, M. leibii and M. sodalis (Table S3 ). Reference sequences from museum specimens have been deposited into GenBank under accession numbers GU723168 -GU723257.
Sequence amplification and phylogenetic analysis of rabies viruses. Total RNA was extracted directly from naturally infected bat brains using TRIzol ™ (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. An 852 bp fragment comprising the last 759 bp of the nucleoprotein (N) gene, a non-coding region following the 3' end of N and a small fragment of the phosphoprotein gene was amplified by RT-PCR using the oligonucleotide primers described in Table S9 . The first 165 nucleotides and the regions immediately following the 3' end of N were deleted prior to analysis due to incomplete sequencing of some samples, resulting in a 594 bp fragment. Complete N gene sequences (1353 bp) were generated for 148 representative isolates. Thermocycling was performed following ref. (S4) . PCR amplicons were purified using ExoSAP-IT ® (USB Corporation) or from bands excised from low melting agarose gels using Wizard PCR Clean-up kits (Promega). Sequencing was carried out using an Applied Biosystems Prism 377 automated DNA sequencer. Chromatograms were edited by eye in Bioedit and sequences were aligned using MAFFT (S5, S6) .
The Maximum likelihood (ML) and Bayesian phylogenetic analyses were performed using Garli v.0.96b and MrBayes v.3.1.2, respectively, using the General Time Reversible + I + Γ model of nucleotide substitution selected by AIC in Modeltest v.3.7 (S2, S7, S8) . The ML tree was estimated by 10 independent searches with random starting trees, followed by 2 sets of 5 additional searches using the best tree from the previous set of searches as the starting tree. Support for each node was estimated from 2000 ML bootstrap searches using Grid computing available through the Lattice project (S9, S10) . For the Bayesian analysis, we used a codon model with substitution rates for positions 1 and 2 linked and independent of 3 rd position sites. Four simultaneous Metropolis Coupled Markov Chain Monte Carlo (MC 3 ) estimations were run for 4.5 million generations, with trees sampled every 100 generations and the first 5000 trees burned in prior to generation of a consensus tree. The burn-in period was determined by accessing convergence of the likelihood and model parameters in preliminary runs. Run lengths were determined by examination of the standard deviation of split frequencies and convergence of parameters across chains was confirmed by potential scale reduction factors approaching 1 (S11). Bayesian and ML phylogenetic trees were rooted to a rabies virus sequence from North American raccoons (Procyon lotor) from GenBank (Accession no: AF351826).
Rabies virus lineages were operationally defined as monophyletic groups that (i) were supported by Bayesian posterior probabilities > 0.98 and ML bootstrap values > 0.70, (ii) contained at least 3 unique sequences and (iii) were statistically compartmentalized to a particular bat taxa. Compartmentalization to host species was tested using the BaTS package (S12), which accesses phylogeny-trait associations while accounting for phylogenetic uncertainty by comparing observed associations in the posterior distribution of phylogenetic trees from a Bayesian search to a large number of trees with randomly assigned traits. We compared 1000 trees from the posterior distribution of the Bayesian phylogenetic analysis to a null distribution of 100 trait-randomized trees, with bat taxa assigned as the character trait of interest.
Genetic divergence of rabies viruses from cross-species infections. Substantial genetic divergence of rabies viruses sampled from cross-species infections relative to within-species infections would suggest limited, ongoing transmission within populations of the recipient species. We assessed whether the minimal genetic divergence of rabies viruses from each individual bat infected by CST was greater than those infected by within-species transmission in the same lineage using an outlier criterion. Outlying sequences were identified as those with a minimum pairwise genetic distance to the donor lineage greater than 1.5 times the inter-quartile range above the third quartile (Table S4) . Outlier cutoffs were calculated using only sequences from the donor host species (within-species transmission). Genetic distances were generated in PAUP* v.4.0b10 using models of nucleotide substitution specific to the rabies virus lineage selected by AIC in Modeltest v.3.7 (S2, S3) .
Maximum likelihood coalescent estimation of cross-species transmission. We quantified the transmission of rabies virus between bat species using the computer software Migrate v.3.0.3, which uses Metropolis Coupled Markov Chain Monte Carlo (MC 3 ) coalescent simulation to estimate θ (proportional to effective population size) and migration rates (β) between an arbitrary number of populations (S13). We first estimated θ j for the viruses associated with each bat species j under an n-island model with unequal effective population sizes. Multiple viral lineages associated with single bat species were analyzed as independent loci and averaged. For each pair of species that was infected by a common viral lineage, we partitioned viral sequences by bat species and constructed transmission models describing 4 hypotheses on the directionality of CST:
; and each case of unidirectional transmission, (H 2 : β ij > 0, β ji = 0; H 3 : β ji > 0,  β ij = 0). The best transmission model for each species pair was selected by AIC. CST was thus defined as the "migration" of rabies virus from one bat species to another. One exception was allowed for some Myotis species in the western USA because their phylogenetic relationships remain unresolved in 2 distinct species complexes (see Table S3 ). We took a conservative approach to estimate transmission between but not within different species complexes. MC 3 simulations in Migrate used 4 chains with the following static heating scheme: 1, 1.3, 3, and 100,000, where the temperature 1 indicates the cold chain with increasingly hotter chains exploring parameter space more freely. Simulations were run for 30 million generations with sampling broken into 10 short and 3 long chains. Genealogies were sampled every 1000 generations in the long chain for a total of 30,000 sampled genealogies per run. At least 3 fully replicated simulations were run for each species pair, with parameters averaged across runs using the reverse logistic regression method of Geyer (S14) for a total of at least 90 million generations per species pair. Simulations were carried out using the parallel version of Migrate on the Linux cluster at the University of Georgia's Research Computing Center. Input and parameter files are available from the corresponding author upon request.
Quantifying the per capita cross-species transmission rate (R ij ). R ij is the expected number of infections in species i resulting from a single infected individual of species j. This is the betweenspecies analog of the effective reproductive number of a pathogen (R e ), the average number of secondary cases resulting from a single infected individual in a heterogeneous population comprised, susceptible, infected and immune individuals. While the existence of an immune class in bat rabies is uncertain, many studies have demonstrated substantial numbers of wild bats with naturally acquired rabies virus neutralizing antibodies, suggestive of immune protection following abortive infections (S15, S16). We estimated R ij as β ij θ j τ −1 , where τ, generation time is the sum of the incubation and infectious periods, and β ij and θ j are derived from genetic data. Experimental rabies virus infections in insectivorous bats indicate a mean τ of 29 days (S17).
Quantification and analysis of asymmetries in the transmission web. In ecological food webs, connectance describes the proportion of realized trophic connections between sympatric species (S18). We hybridized food web connectance with measures of the strength and direction of CST into a measure termed "transmission asymmetry," which describes whether bat species were disproportionately donors or recipients of CST. Specifically, transmission asymmetry is the difference between the transmission connectance of each species as a donor:
or recipient:
of CST. Here, L j is the number of other species infected by species j, L i is the number of other species that infected species i and n is the number of sympatric hosts in the transmission web.
Positive values indicate an excess of transmission to other species; negative values indicate an excess of infections by other species.
Auxiliary data and statistical analyses of cross-species transmission. Statistical analyses of CST rates sought to distinguish whether ecological similarity, evolutionary relatedness or probabilistic factors that increase with geographic range overlap best predict per capita rates of CST (see Tables S7, S8 ). Foraging niche overlap was approximated using three morphological measurements: wing aspect ratio, wing loading and body length, which are associated with foraging behavior in bats (S19). The absolute value of differences between species served as a proxy for similarity. Roost site overlap was classified by two categorical descriptions of the likelihood that bats roost in the same structures: the first (potential overlap, R1), based on typical summer roost type, and the second (documented overlap, R2) based on historical records of roost sharing ( Table S6 ). The phylogenetic distance between bat species was estimated from COI sequences using substitution models selected by AIC in Modeltest as above (S2, S3) . We estimated the geographic overlap between species as the proportion of the recipient species range within the continental USA where it co-occurs with the donor species using range maps from Natureserve (S20) under the Albers equal-area projection. Two sets of generalized linear models (GLM) were constructed using (i) only species pairs implicated in CST to describe the intensity of R ij and (ii) all pairwise combinations of species in the dataset to describe the probability and intensity of CST. To account for non-independence of data from repeated comparisons in dataset ii, we used GLMs with normal error distributions to select candidate models and confirmed significance with partial Mantel tests. This approach was used because formal model selection procedures are unavailable for partial Mantel tests. In both datasets, minimal adequate models were selected by forward and reverse stepwise AIC model selection from full models containing all ecological, genetic and geographic variables as well as a term describing the sample size of recipient species in dataset i (see Supporting Text). Mantel tests assessed statistical significance with 1000 matrix permutations. When appropriate, terms were transformed to meet model assumptions. Statistical analyses were performed in R v. 2.7.2 (S21).
Bayesian estimation of the origins of established host shifts. Historical and phylogenetic evidence indicate that rabies spread relatively recently through the North American bat community through a process of sequential host shifts, rather than ancient co-divergence (S22-S24). Because rabies virus lineages are compartmentalized to bat species (Table S2) , host species may be modeled as a discrete trait of each viral lineage using ancestral state estimation. We identified pairs of viral lineages that were strongly linked by host shifts using the models developed by ref. (S25) for the software BEAST v. 1.5.4. These models estimate changes between discrete states, in our case, host species or sub-species, while controlling for uncertainty in the phylogenetic relationships of viral lineages and variation in substitution rates among branches and incorporating temporal information from the sampling date of viruses (S26) .
The dataset was constructed with a maximum of 15 complete N gene sequences (1353 bp) per lineage to minimize skew in the sample size of lineages and reduce run time. We relaxed the criterion for lineage definition relative to the CST analysis to include (i) previously described rabies viruses that were represented by fewer than 3 sequences in our dataset (S27, S28) and (ii) rabies virus lineages which were compartmentalized to genetically distinct subspecies of Eptesicus fuscus and Lasiurus intermedius in different parts of their geographic range. In addition, we included sequences from a viral lineage associated with the common vampire bat (Desmodus rotundus, GenBank accession number for COI: EF080321), due to evidence that the ancestor of this virus is evolutionarily linked to rabies viruses from North American insectivorous bats (S22, S29) . The rabies virus lineages found only in Central and South America were excluded because hosts of many sequences are not defined to the species level and their geographic isolation from North American species makes host shifts relatively unlikely (S29, S30) . Previously published N gene sequences from GenBank (n = 87) were included to increase the temporal breadth of sampling, for a total of 236 sequences, distributed over 23 viral lineages, that spanned the time period from 1972-2006. GenBank accession numbers for previously published sequences included are: AB083805, AB083817, AB297633-AB297636, AB297645, AB297646, AF045166, AF351827, AF351828-AF351848, AF351852-AF351862, AF394868-AF394887, AY039224-AY039229, AY170397-AY170401, AY170404, AY170405, AY170412-AY170417, AY854587, AY854588, AY854592, AY877433, AY877435 and EF363727.
Analyses in BEAST used the TVM+Γ model of nucleotide substitution selected by AIC in Modeltest with separate substitution parameters assigned to the first two versus the third codon positions based on preliminary analyses. We used the Bayesian skyline model of demographic growth to minimize assumptions on the demographic history of rabies virus in bats throughout the time period spanned by the genealogy. An uncorrelated lognormal relaxed molecular clock model was used to accommodate rate variation among lineages. Four independent MCMC analyses were run for 25 million generations each with samples from the posterior drawn every 1000 generations following burn-in periods of 4 million generations based on convergence of likelihood and model parameters as indicated in Tracer (S31). The Bayesian stochastic search variable selection procedure described by ref. (S25) was implemented to allow discrete state change rates (i.e., the rate describing host shifts) to be zero, enabling the use of a Bayes factor (BF) test to identify nonzero rates (S32). The results from the four runs were combined for final analysis and BF support for host shifts was calculated using the software provided by ref. (S25) . Transition rates supported by a BF > 3 were considered significant support for a host shift between bat species. Beast input files are available from the corresponding author upon request.
Supporting Text
Asymmetry in the transmission web. The transmission web ( Fig. 2 ) revealed that CST is often unidirectional and always asymmetrical, leading to large variation among species as donors or recipients of CST (Fig. S1 ). For example, L. cinereus, L. borealis and the M. californicus species complex were hubs of CST, but were less often recipients of infection, while M. lucifugus, M. yumanensis, L. xanthinus and L. blossevillii were disproportionately recipients of CST. We analyzed the transmission web to determine which host or viral factors influence transmission asymmetry, focusing on: the nucleotide diversity ( ) of each rabies virus lineage, the amount of geographic overlap with all other bat species, the average phylogenetic similarity of each bat to other species within its geographic range or the sampling effort (defined as the number of bats analyzed) for each species. The average phylogenetic similarity to other bat species was estimated as 1− n
∑ , where d ij is the genetic distance (from COI data) from species j to a sympatric species i, and n is the number of sympatric species. Geographic overlap was calculated as
where g ij is the proportion of the range of species j where it overlaps with species i. We used DnaSP (S33) to calculate π for each rabies virus lineage and used the arithmetic mean for species that maintained multiple rabies virus lineages. Forward and reverse AIC model selection was used to select from a starting GLM with all 4 factors assuming normal error distributions. Sampling effort and were log 10 transformed prior to analysis. Although we found no reliable predictor of the magnitude and direction of transmission asymmetry among the 15 species involved in CST (GLM: Full model: n = 15, F 3,11 = 1.44, P = 0.28), the magnitude of transmission asymmetry (the absolute value of C D -C R ) increased with the average phylogenetic similarity of bats to others in their geographic distribution and with the summed proportion of geographic overlap with other species (GLM: n = 15, F 2,12 = 12.24, r 2 = 0.67, P = 0.001). In essence, bats that overlap with many genetically similar neighbors were more likely to be involved in CST than bats that are evolutionarily distinct in their communities; however, whether a particular bat species acts as a donor or recipient remains unclear. An important avenue for future research will be to determine how host characteristics, such as variation in susceptibility, behavioral responses to infection and intra-specific contact rates, or viral factors, such as infectiousness or stage of adaptation to the donor host (e.g., recent versus older host-virus association), influence transmission rates.
Unequal sampling, unequal prevalence and detection of cross-species transmission. Despite the large number of viruses included in this study, only a fraction of the CST events that occur in this system are observable. We attempted to control for unequal sampling effort across species in our estimate of per-capita CST rates by using population genetics software that can accommodate this potential bias. Still, it is possible that the detection of rare CST depends on the number of individuals of the recipient species that were examined, causing higher detection of CST in very well sampled species than in less-sampled species. Examination of the data revealed that the number of individuals infected by CST was not strongly associated with the number of individuals examined (GLM: F 1,16 = 3.88, P = 0.07) and visual inspection of the transmission web (Fig. 2) shows very few cases of transmission from poorly-sampled to well-sampled species. Similarly, as discussed above, sample size was not retained as a term in minimal adequate models describing the magnitude of transmission asymmetry or pairwise rates of CST (Table S8) .
A second potential driver of CST that we were not able to measure directly was the prevalence of rabies virus infection in different bat species. Available evidence from extensive surveys of free-living bats indicates that prevalence is low (<1-3%) and does not differ substantially among North American insectivorous bat species (S15, S34) . Nevertheless, we attempted to control for the possibility of unequal prevalence in our calculation of R ij by scaling this statistic by θ for each viral lineage. It should be noted that while incorporating θ into R ij would correct our estimates of per-capita CST, AIC selection of transmission models in Migrate considered only β, raising the possibility that unequal rabies prevalence in donor and recipient species might bias selection of asymmetrical transmission models. Examination of the data revealed no relationship between prevalence (approximated with θ) and β (Pearson product moment correlation: r = 0.047, P = 0.802). In light of the biological arguments for low variation in the prevalence of bat rabies among species and the lack of a relationship between θ and β in our dataset, the potential for unequal prevalence of rabies to bias our estimates of CST is minimal. Table S3 . Dashed lines indicate the transition from positive to negative transmission asymmetry. Table S3 . † MspV and LxLiV were statistically compartmentalized to several sympatric species within the genera Myotis and Lasiurus, respectively (MspV: Maximum clade size statistic, MCS = 3.83, P < 0.01; LxLiV: MCS = 2.83, P < 0.01). Table S3 . Coverage and haplotypic diversity for bat species with reference cytochrome oxidase subunit I sequence data. The number of reference sequences is shown with the number of unique haplotypes listed in parentheses. Genetic data from bats in this study is shown by number of bats identified in a phylogenetic species, with the number of incorrect morphological diagnoses in parentheses. Table S7 . Summary of partial Mantel tests comparing predictors of cross-species rabies transmission (R ij ) among 17 bat species. Models describe principal effects controlled for other terms. Terms included were: the phylogenetic distance between hosts (PD), the proportion geographic overlap between hosts (Range) and the absolute value of body length differences between donor and recipient species (Body). Shown are statistical significance and explanatory power according to partial Mantel tests for terms retained in initial generalized linear models (see Supporting Materials and Methods). Table S8 . Summary of best 5 GLMs examined to explain variation in cross-species transmission between bat species. Models were constructed with the following terms: phylogenetic distance between hosts (PD), proportion of geographic overlap (Range), potential roost overlap (R1), documented roost overlap (R2), the sample size of the recipient species (N) and the absolute values of species differences in wing loading (WL), wing aspect ratio (WAR) and body length (Body). Terms absent from best 5 models are omitted from the 
